A two-dimensional timedependent two-fluid hydrodynamic model has been used to study numerically the effect of interstellar neutrals on the size and structure of the heliosphere. The interstellar neutrals, coupled to the plasma by charge-exchange collisions, lead to a dramatic decrease in the size of the heliosphere -30% for the parameters studied. We find that a build up of neutral hydrogen in front of the leading edge of the heliosphere, seen in earlier models, occurs only when the flow in the interstellar medium is supersonic. When the flow is subsonic, no such hydrogen "wall" is seen in the simulations, suggesting that the distribution of scattered solar H Ly a light may be quite different for this case. We have also calculated the propagation of an interplanetary shock to the heliopause as a possible trigger for the 1992 Voyager 2-3 kHz radio emission event. We find that the interstellar plasma density, observed emission cut-off frequency, and heliopause location can all be made consistent once the effect of the reduction in the size of the heliosphere by the interaction with the neutrals is included.
Introduction
The effects of the interstellar neutrals on the size and structure of the global heliosphere has been modeled by several groups (Baranov and Malama, 1993 and references therein; P a d s et al, 1995 and these proceedings). Using a two-dimensional steady-state model, Baranov and Malama (1993, hereafter B&M) showed that neutrals, coupled to the plasma by charge-exchange collisions, led to a significant decrease in the size of the heliosphere, e.g., the heliopause moved in from 250 AU to about 170 AU when a neutral density nN = 0.14 treats the plasma as a fluid and the neutrals as particles with source terms coupling the plasma and neutrals. A Monte Carlo technique is used to compute the neutral atom trajectories. A steady state solution is achieved by iterating between the kinetic neutral and hydrodynamic plasma calculations.
wzs assumed. The model used by Baranov and Malama (1993) We have developed a two-dimensional time-dependent hydrodynamic model which treats both the neutral and plasma components as fluids, dowing us to study dynamic problems such as interplanetary shock propagation to the heliopause. Since the neutral mean-free path can be comparable to the length scales in this problem, the accuracy of a fluid treatment of neutrals can be questioned. However, iterating between a Monte Carlo neutral computation and a fluid plasma computation at every time step of a time-dependent code would be too costly.
Using our two-fluid neutral-plasma model with the parameters in B&M, we recover their results for a "two shock" heliosphere, that is, a heliosphere with a bow shock upstream of the leading edge of the heliopause created by the supersonic interstellar flow. As seen by B&M, the size of the heliosphere decreases dramaticdy and we observe a build up of neutrals at the leading edge or "nose" of the heliosphere between the bow shock and the heliopause. At present, it not known whether or not the heliosphere has a bow shock. Since the magnetic field in the very local interstellar medium (VLISM) can not be measured, it is not known whether the flow is above or below the fast magnetosonic speed.
When we use parameters such that the W M flow is subsonic, a case not studied by B&M, we find that no such abrupt increase in neutral hydrogen forms at the leading edge or nose of the heliosphere which may have implications for the distribution of scattered solar H Lyman (Y radiation. A similar decrease in the size of the heliosphere is observed in this "one shock" case.
This two-fluid plasma-neutral model has also been used to study the propagation of an interplanetary shock to the heliopause which has been suggested as a possible trigger for the 2-3 kHz emissions detected by the Voyager spacecraft in 1992 (Gurnett et al, 1993) . The propagation of an interplanetary shock to the heliopause has been modeled previously by Steinolfson and Gurnett (1995) using a two-dimensional time-dependent hydrodynamic model. We have extended these calculations by using a model which also includes the chargeexchange interaction between the plasma and the interstellar neutral hydrogen and find that the interstellar plasma density, observed emission cut-off frequency and heliopause location can all be made consistent once the effect of the reduction in the size of the heliosphere by the interaction with the neutrals is included. By assuming a VLISM neutral density of 0.14 me3, the IP shock propagation time agrees with the time suggested by the observations (about 400 days) when the VIJSM has a density of only n, = 0.04 m-3, corresponding to a 1.8 kHz cutoff frequency, which is the lowest frequency seen in the Voyager emission spectra.
Numerical Model
The model used in this work is a time-dependent two-dimensional two-fluid hydrodynamic model. This is similar to the hydrodynamic model used previously by Karmesin et al (1995) to study the motion of the termination shock in response to solar-cycle variations in the solar wind ram pressure.
The neutral-plasma charge-eschange coupling terms are taken from Holzer (1972) with the resonant charge-exchange cross section used in B&M and Baranov et al (1991) . Thus, we solve the equations for each species respectively (Baranov et al 1991) . These are the equations solved for the plasma and neutral species outside the heliopak. The chargeexchange exchange'fnteraction between protons and neutral hydrogen leaves the total number of each species uithanged and thus, in general, there would be no sources or sinks in the continuity equations (Sj+j = &j). However in our model, as in P a d s et al where u is the 1/2 with Tp and TN equal to the proton and neutral temperatures -. K (1995), the very energetic neutrals which are created by charge exchange inside the heliopause are neglected, e.g., they are not incorporated into the neutral fluid inside the heliopause. These "solar wind" energetic neutrals form a new non-thermal population of neutrals inside the heliopause with a much longer mean-free path. Therefore, neglecting these energetic neutrals, the S-N, &-,+N and Q~N terms are set to zero in the equations for the neutrals only inside the heliopause and the neutral fluid loses particle, momentum and energy to the solar wind plasma. The heliopause is easily located during the simulations by monitoring the plasma specific internal energy i = kBT/(r -1) 3-mv2/2 which changes by more than a factor of 100 across the heliopause.
Effects of Neutrals on the Size and Structure of the Heliosphere
In this section results are presented from four simulations illustrating the effects of the neutralplasma charge-exchange coupling on the size of the heliosphere and on the neutral distribution itself.
Simulation Results for a Two Shock Heliosphere
Simulation results from a case without neutrals (Case 1, dotted line) and a case with neutrals (Case 2, solid line), with other parameters the same, are compared in Fig. 1 . Plotted are density and velocity profiles along a line from the inner grid boundary through the nose of the heliosphere, e.g., along the upstream symmetry axis of our 2D grid (6 = 0). The parameters for Case 1 are those used by B&M.
For the solar wind plasma at 1 .4U, np = 7 ~7 7 2 -~, vvsw = 450 km/s, and Tp = 1.5 x lo5 K; for the VLISM plasma, np = 0.07 ~m -~, vvliam = 25 km/s and Tp = lo4 K. Case 2 has the same parameters except there is also a neutral component with density nN = 0.14 which has the same velocity and temperature as the interstellar plasma. It can be seen in Fig. 1 that the heliosphere is dramatically smaller when the charge-exchange coupling between the neutrals and the plasma is included. The termination shock (seen as first the abrupt increase in density) has decreased to 115 AU in Case 2 from 170 AU in Case 1 and the heliopause (the second abrupt increase in density) has decreased to 170 AU in Case 2 from 250 AU for Case 1. Thus for these parameters, the size of the heliosphere has decreased by about 32% due to the plasma-neutral interaction. The VLISM flow is supersonic in these cases, and both have bow shocks visible in the top panel of Fig. 1 (located at about 400 AU in Case 1 and about 300 AU in Case 2.)
It can be seen in the middle panel of Fig. 1 that the plasma-neutral interaction in Case 2 has caused the solar wind velocity to drop from 450 h / s to about 385 h / s inside the termination shock.
The distance to the termination shock is determined by a balance of solar wind and VLISM pressures R8 o: \i Ptot,vlicrm Pram18w -A decrease from 450 to 385 km/s would cause a 14% decrease in the distance to the termination shock versus the 32% decrease observed. The somewhat larger effect is, surprisingly, the increase in the VLISM plasma ram pressure in fiont of the heliopause due to the acceleration of the plasma by the * neutrals which are not directly slowed and diverted around the heliosphere at the nose. This has been verified by computing the total VLISM pressure Pbt,vlirm along the upstream symmetry axis. If there were no coupling to the neutrals, Ptot,,,ljsm would be constant fiom the outer boundary to the nose. In Case 2, however, we observe that Ptot,vlism rises by 60% between the the injection boundary and the nose. These two neutral-plasma interaction effects, the deceleration of the solar wind plasma and the acceleration of the VLISM plasma, account for the observed 32% decrease in the size of the heliosphere.
The loss of neutral momentum to the VLISM plasma component as the flow approaches the nose leads to a pile up of neutrals in the region between the bow shock and the heliopause which can be seen in the bottom panel of Fig. 1 . This pile up, observed in the modeling results in B&M and Baranov et al (1991) , was descriptively termed a hydrogen "wall" in Hall et al (1993) . Comparison with the Case 2 density profile in the top panel shows that the neutrals abruptly increase in density by a factor of 2 just past the bow shock where the plasma flow has been decreased by the shock. Such a pileup would affect the distribution of scattered Ly Q light (Baranov et al, 1991) and lead to an asymmetry in the upwind and downwind directions as observed by spacecraft (Hall et al, 1993) .
Simulation Results for a One Shock Heliosphere For Cases 1 and 2, the Mach number of the interstellar flow was M=2.2 and bow shocks formed upstream of the leading edge of the heliopause in the simulation. We have also run a case with a higher VLISM temperature for both the neutrals and the plasma (TV1ism = 5 x lo4 K, Case 3), making the VLISM flow subsonic (M=0.96). The factor of 5 increase in temperature is used to mimic the effect of a VLlSM field of about 0.3 nT in making the magnetosonic speed faster than the VLISM flow. All other parameters are as in Case 2.
.In this subsonic VLISM flow case, the bow shock disappears as Shown by the density profle in the second panel of Fig. 2 . The lack of a bow shock has a dramatic effect on the distribution of neutrals ahead of the nose. In Case 3, no abrupt "hydrogen wall" is present. The neutral profle (top panel, Fig. 2) shows a gradual rise in neutral density from 0.14 to 0.18 ~m -~ as opposed to the abrupt increase to 0.3 m13 seen in Case 2 (bottom panel, Fig. 1 ). The difference in the neutral distribution at the nose for heliospheres with and without a bow shock can be expected to cause a difference in the distribution of scattered solar Ly a light. Note that there is still a substantial gradient in the neutral density across the heliosheath; this would also lead to an upwind/downwind asymmetry in the distribution of Ly a radiation as observed (Hall et al, 1993) .
Also shown in the second panel of Fig. 2 is the density profile for a case with the parameters of Case 3 but with no neutrals (Case 4, dashed line). The heliopause for Case 4, located at about 205 AU, is closer than in Case 1 because of the increase in the VLISM temperature by a factor of 5. In Case 3, the heliopause is at about 140 AU, for about a 30% decrease in the size relative to Case 4. Here, the the dominant effect in reducing the size of the heliosphere is the increase in Ptot,ulism at the nose of the heliosphere resulting &om the acceleration of the interstellar plasma by the neutrals as discussed above.
The rise in Ptot,vlism in Case 3 between the upstream simulation boundary and the heliopause accounts for about a 23% reduction in the size. By comparison, the decrease in the solar wind velocity inside the termination shock, from 450 to about 400 h / s , would by itself cause only about a 10% decrease.
Effects of Neutrals on Interplanetary Shock Propagation Time
In 1992, an extended 2-3 kHz radio emission event was observed at both Voyager 1 and 2 spacecraft (Gurnett et al, 1993) . These were similar to emission events reported earlier; the emission is presumably generated at fp or 2fp by electrons at the shock fkont (Kurth et al 1984) . Gurnett et al proposed that these events resulted from the interaction of large interplanetary shocks (or a merged interaction region) with the heliopause; the shock was thought to be generated by the period of intense solar activity in late May and early June 1991. If these solar events were the cause, then the transit time of the shock from the sun to the heliopause was about 408 days. Steinolfson and Gurnett (1995, hereafter S&G) modeled the propagation of an interplanetary shock to the heliopause using a time-dependent two-dimensional fluid model. They found that they could match the 408 day transit time using a shock with a speed of 400 km/s relative to the solar wind and with solar wind parameters at Earth of n, = 5 ~m -~, vvSw = 400 km/s and Tp = 2 x lo5 K and W S M parameters of np = 0.09 mB3, Tp = 2 x lo4 K and Vvtism = 25 km/s. The high interstellar density was needed to bring the heliopause in to 156 AU to match the 408 day transit time. However, S&G noted that an interstellar density of 0.09 m-3 has a cutoff frequency of fp = 2.7 kHz, well above the 1.8 kHz lowest frequency of the observed spectra. A cutoff frequency of 1.8 kHz corresponds to an interstellar plasma density of n, = 0.04 ~m -~. If the emission were generated at the heliopause and if the observed 1.8 kHz corresponds to the plasma frequency of the interstellar plasma, then S&G concluded that there I-! must be a magnetic field of about 4 nT to increase the VLISM pressure Ptot,vzism sufficiently to bring the heliopause in to 156 AU.
We have repeated the computations of S&G, but now using our hydrodynamic model with the neutral-plasma interaction included. We find that by including the plasma-neutral interaction in the simulations, the distance to the heliopause can be made consistent with the approximately 408 day transit time when the VLISM plasma density has a cutoff frequency consistent with the observations using a reasonable value for the interstellar neutral density. For this simulation, Case 5, solar wind parameters and VLISM temperature and velocity were as in S&G (given above), except we have used a VLISM density of 0.04 used in the Case 5 calculation was nN = 0.14 Figure 3 shows the contour plots for the plasma and neutral densities for this case. The W S M flow is supersonic; the density contour plot shows a bow shock and the neutral contour plot shows the "hydrogen wall" as expected. Figure 4 shows the density profile at several times as the shock
propagates to the heliopause. The shock moves rapidly up to the termination shock (= 800 km/s), but slows dramatically in the heliosheath. Note from Fig. 4 that the VLISM density at the nose is about 0.1 c7nm3 corresponding to a plasma frequency of 2.8 kHz which is comparable to the highest frequencies observed in this emission event.
as required to match the 1.8 kHz cutoff frequency. The neutral density which is within the range given by Frisch (1994).
L
Thus we conclude that, when the reduction in heliosphere size due to neutral-interaction is included, the shock transit time and upper and lower emission frequencies can be made consistent with the observations, supporting the hypothesis in Gurnett et al (1993) .
Discussion
Hydrodynamic simulation results were presented illustrating the effects of interstellar neutrals on the size of the heliosphere and the distribution of neutrals at the heliosphere boundaries. The neutrals interact with the interstellar and solar wind plasmas via charge-exchange collisions. Heliospheres with and without an external bow shock, corresponding to supersonic and subsonic W S M plasma flow respectively, were modeled. For supersonic VLISM flow, a large pile up of neutrals was seen in the region between the bow shock and heliopause in the simulations. No such "hydrogen wall" was seen in the subsonic VLISM case. Both cases show a gradient in neutral density across the heliosheath.
The difference in the neutral distribution and density at the nose for heliosphere with and without a bow shock &I be expected to cause different distributions of scattered solar Ly (Y light. Thus E W observations from spacecraft such as Voyager and Pioneer (see Hall et al, 1993 ) may be able to determine whether or not the heliosphere has a bow shock. This, in turn, may give some indication of the strength of the VLBM magnetic field which cannot be measured if estimates of the interstellar plasma and neutral densities can be further refined.
Simulation results were also presented for modeling the propagation of a large interplanetary shock as a possible trigger for the Voyager 2-3 kHz emission events (Gurnett et al 1993) . Previous hydrodynamic modeling efforts by Steinolfson and Gurnett (1995) had not be able to reconcile the size of the heliosphere (as determined from the shock transit time) with an interstellar density of n, = 0.04 m-3 (inferred from the 1.8 kHz emission cutoff frequency). We are able to reconcile these by including the reduction in the size of the heliosphere due to the chargeexchange coupling with the interstellar neutrals. The VLISM neutral density needed was nN = 0.14 excepted range (Frisch, 1994) . Thus, these results supports the hypothesis of Gurnett et al, but uncertainties and unexplained features, such as the rising tones of the emissions, still remain. 
